Abstract: Comparing to the conventional bath heating, the effects of liquefaction parameters on the degree of liquefaction of wood in polyhydric alcohols by using microwave as an energy source were evaluated. Polyurethane foams were successfully prepared from the liquefied biomass-based polyols. The effects of heating methods (conventional bath heating and microwave) and liquefaction reaction time on the properties of liquefied biomass-based polyols were investigated. The influences of isocyanate index on the properties of rigid polyurethane foams were also discussed, and feasible formulations for preparing liquefied biomass-based polyurethane foams were proposed. The results indicated that rapid liquefaction of wood in polyhydric alcohols under microwave heating could be achieved. The foams prepared from liquefied biomass-based polyols obtained by microwave-assistant liquefaction exhibited excellent mechanical properties.
INTRODUCTION
Polyurethane foams (PU Foams) are used widely in many fields as heat-insulating, packaging, structural, flotation and load bearing materials, due to their ease of processing and unique combination of excellent thermal insulation and mechanical properties. Traditional PU foams are prepared by the polymerization of polyol with isocyanate simultaneously occurring with gas generation resulting from the chemical reaction of water of blowing agent evaporation by the exothermic reaction itself. However, the raw materials for preparing PU foams, based on polyol (polyether of polyester polyols) and isocyanate, are obtained mainly from fossil resources. With increasing concern of the shortages of fossil resources and the impetus for reducing costs of polyurethane, preparation of polyols from renewable biomass resources has been an interesting subject in the polyurethane industry. Biomass as natural polymer contains more than one hydroxyl group in the molecular chains, and can be used as polyol for preparing polyurethane materials. By the hydroxyalkylation reaction, polyols with desirable hydroxyl values and viscosities have been prepared from many hydroxyl-containing biomass substances such as sorbitol [1] , sucrose [2] , methyl glucoside [3] , lignins [4, 5] , and so forth. These polyols have become important ingredients for rigid polyurethane foams because of the great functionalities of the starting materials.
*Address correspondence to this author at the Faculty of Wood Science and Technology, Southwest Forestry University, Bailongsi 300, Kunming 650224, China; Tel: +86-871-3863609; Fax: +86-871-3863989; E-mails: zhengzhifeng@swfu.edu.cn, zhengzhifeng666@hotmail.com There were also many reports concerning direct incorporation of biomass resources such as starch, lignocellulosics, lignins, coffee grounds, bark of trees, and so forth into polyurethane formulations [6] [7] [8] . It was reported by Hatakeyama and co-workers that rigid polyurethane foams containing as much as 50% lignocellulosics or other biomass could be obtained by mixing the biomass with liquid polyols before foaming. However, except for a few cases, the biomass was insoluble in the polyols. In these cases, the biomass could only act as solid fillers rather than as reactive components in the foam structures, and as a result, foams with high densities were apt to be obtained.
Recently, liquefaction of biomass in the presence of some organic solvents has been developed [9] . The liquefied products of biomass prepared in the presence of alcohols are rich in hydroxyl groups. One of the promise applications for these liquefied products is to prepare polyurethanes (PU) materials. It has been found that if polyhydric alcohols with appropriate molecular weights were used as reagents in the liquefaction of biomass, the resulting liquefied mixtures can be used directly as polyols to prepare polyurethane foams without any additional reaction of treatment [10] [11] [12] [13] .
However, almost the liquefaction reactions of biomass in organic solvents have been carried out with the conventional convective-conductive heating sources such as water, oil, salt bath, fluidized sand bath and electrical furnaces. These methods, however, are relatively slow and inefficient for transferring energy into the system, because they depend on the thermal conductivities of materials. In contrast, microwave irradiation produces efficient internal heating or in-core volumetric heating by direct coupling of microwave energy with the molecules that may be the solvents, reagents or catalysts that are present in the reaction mixture. The main advantage of microwaves over conventional heating sources is that the irradiation penetrates and simultaneously heats the bulk of the material.
In this study, many attempts have been made using the liquefaction technology with microwave-assistant to introduce wood into polyols for preparation of PU foams. The effects of liquefaction parameters on the liquefaction and properties of biomass-based polyols, the formulations and characteristics of PU foams were investigated.
EXPERIMENTAL

Materials
Wood meal (southern pine, Pinus sp., 40 to 60 mesh) was dried in an oven at 105°C for 24 hours before use. Polyethylene glycol #400 (PEG #400, Mw=400), glycerin, sulfuric acid, phosphoric acid and sodium hydroxide were of reagent grades and were obtained from commercial sources. Other ingredients included diphelylmethane diisocyanate (MDI) (MR100, by Huntsman ICI Chemicals LLC Ind. Ltd., U.S.A.), dibutyltin dilaurate (DBTDL) (Katsuta Ind. Ltd., Japan), and silicone surfactant SH193 (by Dow Corning Corporation, U.S.A.) were used as received.
Preparation of the Liquefied Biomass-Based Polyols
The liquefaction reagent was mixture of PEG #400 and glycerin. Sulfuric acid was used as a catalyst. The liquefactions were carried out in a microwave extraction system (Ethos EX, Milestone) equipped with an independent controller (Model 640 Terminal) and a temperature sensor that can be inserted directly into the sealed 100 mL teflon reaction vessels. A typical workup procedure for the experiments was as follows. 2 gram of the wood sample and 14 gram of the PEG 400/glycerin (70/30, w/w) which contains 3% sulfuric acid as a catalyst were load into the teflon vessel, then premixed them together by stirring thoroughly before liquefaction. The normal heating program used was 7 min at 800W. After the desired additional liquefaction time, the pressurized vessel was immersed in cold water and could safely be opened after 15 min. Twenty vessels of the samples were put together. An equivalent amount of sodium hydroxide aqueous solution (50%) was added to neutralize the sulfuric acid catalyst, thus the liquefied biomass-based polyols were obtained. In order to compare, the liquefaction was also carried out by using bath oil heating.
Measurements of the Unliquefied Residues of Biomass
About 1 g of the liquefied mixture was dissolved in 20 ml of methanol solvent, stirred for more than 4 hours, and then the dilution was filtrated through glass filter paper under reduced pressure. The solid residues were dried in an oven at 105°C to a constant weight, and the the residue percent of the biomass (the residual contents in the liquefied biomassbased polyols) was calculated by the following equation (1):
where R is the residual rate in percent (%), m 1 is oven-dry weight of the solid wood residue (g), m 0 is oven-dry weight of the starting wood meal (g).
Measurements of the Specific Gravity and Apparent Viscosities of the Liquefied Biomass-Based Polyols
The specific gravity of the liquefied biomass-based polyols was measured according to ASTM D 4669. The apparent viscosities of the liquefied biomass-based polyols were measured by a Viscosity Centipoise 98936 series viscometer according to ASTM D 4878. Measurements were conducted at 25±0.1°C.
Measurements of the Acid Number of the Liquefied Biomass-Based Polyols
The acid number of the biomass-based polyol was measured by the titration method according to ASTM D 4662-08. The number of milligrams of KOH required to neutralize the acid in one gram of sample was calculated as follows (Eq.2):
where V is the consumed amount of potassium hydroxide solution at the neutralization point (ml); N is the equivalent concentration of potassium hydroxide solution used; and W is the weight of the sample (g).
Measurements of the Hydroxyl Number of the Liquefied Biomass-Based Polyols
The hydroxyl number of a liquefied mixture was measured as the number of milligram of potassium hydroxide equivalent to the phthalic anhydride consumed in the phthalification of one gram of sample according to ASTM D 4274-05. The hydroxyl number was corrected and calculated according to the following equation (3):
where B is the blank titration volume of the sodium hydroxide solution for the phthalic anhydride-pyridine reagent (ml); C is the volume of the sodium hydroxide solution consumed in the back-titration of the sample (ml); N is the equivalent concentration of NaOH solution; W is the weight of the sample (g); and A is the acidity of the sample (mg KOH/g).
FTIR Analysis of the Liquefied Biomass-Based Polyols
The changes of components of the liquefied biomassbased polyols during the liquefaction were analyzed by using a Fourier transform infrared (FTIR) spectrometer. Infrared spectra were measured with a Nicolet MAGNA-IR 560 spectrometer.
Preparation of the Rigid Foams
The pH of the biomass-based polyol obtained above was adjusted by adding 50 wt% sodium hydroxide aqueous solution. Thus, the definite amounts of liquefied biomassbased polyol, catalyst, surfactant, and water were premixed thoroughly in a plastics cup. Then, the prescript amount of MDI (at an isocyanate index of 80 to 120) was added and mixed quickly at a high stirring speed of 8,000 rpm for 10-15 seconds. The mixture then was poured immediately into a 17 13 13 cm cardboard box and was allowed to rise freely at room conditions. Foam was removed from the box after one hour and was allowed to cure at room temperature for two days before cutting into test samples.
Measurements of Properties of the Rigid Foams
The apparent density of the rigid foam was measured according to ASTM D1622-08. Measurements of mechanical properties of the foams are based on the ASTM D1621-04a. The foams were cut into 50 mm 50 mm 50 mm specimens. The specimens were conditioned for 48 hours at 23°C and 50% relative humidity and then were callipered and weighted to determine apparent densities. The compressive properties of the foams then were measured by an INSTRON 4465 electronic mechanical tester. The measurements were made in the direction perpendicular to the foam rise at a constant crosshead rate speed of 5 mm/min. The compressive strengths of the foams were determined as the stresses at the yield points of the specimen deformation in the case of specimens showing yield points approximately 13% strain, otherwise the strengths were determined as the stresses at 10% strain. At least five specimens were measured for every foam formulation. Fig. (1) presents the effect of reaction time on the liquefaction of wood in polyhydric alcohols under conventional bath heating and microwave heating. The residue percent descended rapidly to about 0% within 2 min under microwave heating, though it was 78.82% within 2 min under conventional bath heating. It revealed that the microwave heating had a higher efficiency of liquefaction than the conventional bath heating before 30 min. The microwave can heat the stuff in vessel in a short time and make degradation of biomass very quickly, resulting that the residue percent decreased rapidly. Fig. (2) shows the effect of temperature on the liquefaction of wood in polyhydric alcohols under microwave heating. In 30 min, the liquefaction effect was improved when the temperature increased from 90 to 130 °C. The residue percent is 10.13% as the temperature of 90 °C. But it could not achieve the same liquefaction effect under the same bath heating temperature [14] . It indicated that microwave heating had a higher efficiency of liquefaction than conventional bath heating at low reaction temperature. When the temperature increased to 170 °C, repolymerization of liquefied products took precedence and the residue percent had a little increase. So, the reaction temperature should not be excessively high and 150 °C was enough. Fig. (3) presents the effect of solvent/wood weight ratio on the liquefaction in polyhydric alcohols under microwave heating. The role of solvent is to dissolve the liquefied products and prevent them from re-polymerizing. As shown in Fig. (3) , the solvent/wood weight ratio showed a little effect on the liquefaction under microwave heating. It is different from the bath heating [14] . But low solvent/wood ratio made the plastic rotor stirring difficult in the vessel in the microwave heating system. So, the solvent/wood weight ratio of 7 in the microwave heating system would be suitable.
RESULTS AND DISCUSSION
Effect of Reaction Conditions on the Liquefaction
Effect of Reaction Time on the Liquefaction
Effect of Temperature on the Liquefaction
Effect of Solvent/Wood Weight Ratio on the Liquefaction
Effect of Moisture Content of Wood on the Liquefaction
Hydrolysis reaction is also an important reaction in the liquefaction of wood in polyhydric alcohols, especially under microwave heating. In order to study the influence of hydrolysis on the liquefaction under microwave heating, wood samples at different moisture content were used. Fig.  (4) shows the effect of moisture content of wood on the liquefaction. Existence of water in the system slowed down the liquefaction of wood. This might be due to the lessening of reaction temperature and solvent with excessive water.
Effect of Catalyst Concentration on the Liquefaction
In the experiment, sulfuric acid was added as the catalyst of the liquefaction reaction from 0.5% to 3%. The residue percent was 89.51% without catalyst under microwave heating. But when the concentration of sulfuric acid rose to 0.5%, the residue percent showed a big descent to 0.06%. It indicated that a small amount of sulfuric acid could show an excellent efficiency of liquefaction under microwave heating. However, high concentration of sulfuric acid had strong oxidizability and may cause other secondary reactions. So, 0.5% sulfuric acid is recommended in practical production. Table 1 shows the properties of the liquefied biomassbased polyols obtained from microwave -assistant liquefaction by using sulfuric acid as the catalyst. There was not any residue in the liquefied mixture. So, the liquefied biomass-based polyols can be directly to use for preparing rigid PU foams.
Properties of the Liquefied Biomass-Based Polyols
As for the specific gravity of the liquefied mixture obtained by using sulfuric acid as the catalyst, it is higher than PEG #400, but lower than the mixture of PEG #400 and glycerin.
It has been reported that the viscosity of the mixture obtained by traditional heating is as high as 270,000 Cp [15] . Compared to the traditional bath heating liquefaction, the viscosity of the liquefied mixture obtained by microwaveassistant liquefaction is lower by using the same acid as the catalyst, due to no wood solid residue remaining in the liquefied mixture. These values listed in Table 1 are somewhat larger than those of the fossil-based polyols, but are still suitable for the preparation of polyurethane foam.
From the Table 1 , the most significant change is the hydroxyl value (about half of the mixture of PEG #400 and glycerin), especially in the initial period of the microwaveassistant liquefaction. Table 1 also shows that the hydroxyl value of the liquefied mixture decreases significantly and acidic substances are produced with increasing liquefaction time. This result suggests that apart from the alcoholysis reaction, dehydration and/or oxidation reactions also occur during the liquefaction.
The FTIR technique was employed to investigate the functional groups of liquefied biomass-based polyols in the liquefaction. Figs. (5, 6) shows FTIR spectra of the liquefied biomass-based polyols under microwave heating and conventional bath heating, respectively. The IR absorbance peak of the aromatic ring appeared at 1454 cm -1 , 1652 cm -1
and 843 cm -1 in both samples from the liquefaction under conventional bath heating and microwave heating. It revealed that lignin was easy to be degraded at the initial stage of the liquefaction and dissolved in the polyhydric alcohols, whatever the heating way is. The presence of hydroxyl group in the liquefied biomass-based polyol from the liquefaction under microwave heating, was reflected by the transmittance peaks at wavenumbers of 3385 cm -1 and 1028 cm -1 (due to -OH in primary alcohol). The peak of the liquefied biomass-based polyol from the liquefaction under microwave heating at wavenumbers of 1090 cm -1 , which was the peak of C-O bond stretching vibration from polysaccharide, was higher than that from the liquefaction under conventional bath heating at the same reaction time. It indicated that cellulose was easier to be degraded under microwave than bath heating. As all know, cellulose is difficult to be degraded in the liquefaction. But as shown in this study, microwave can apply great power in a short time and make cellulose degraded into low molecular weight compounds immediately. And there is no residue maintained in the liquefaction (as shown is Fig. 1) . Totally, rapid liquefaction of wood in polyhydric alcohols by using microwave as the heating system can be achieved.
Basic Foam Formulation for Biomass-Based Polyols and its Properties
The liquefied mixtures obtained above were used directly to prepare polyurethane foam by reaction with methylene diphenyl diisocyanate (MDI). Table 2 is the foam formulations for the liquefied biomass-based polyols from the liquefaction under microwave. For improving the mixing efficiency and the foamability of the ingredients, to add a small amount of an appropriate PEG #400 and use an organic tin catalyst, dibutyltin dilaurate (DBTDL), instead of triethylene diamine, are effective for the foaming. The characteristics of the foams obtained at different isocyanate index are shown in Table 3 .
From Table 3 , compared to fossil-based polyols (especially mixture of PEG #400 and glycerin), the foam made from liquefied biomass-based polyols under microwave has the lower compressive strength and elastic modulus. These results suggest that liquefied wood mixture can replace part of polyols for the preparation of polyurethane foam, but that will cause the compressive strength and modulus loss. However, the foams made from fossil-based polyols show more brittle than those made from liquefied biomass-based polyols. The permanent deformation of the foams after compression measurements (20% strain) are more than 7% for the foams made from fossil-based polyols. Whereas, the permanent deformation of the foams made from biomass-based polyols are less 3%. These results suggest that the introduction of wood evidently results in the foam with greater resilience. Some of the liquefied wood components can make contributions to the resilience of the resulting foams. However, the foam made form the liquefied biomass-based polyols under the conventional bath heating showed a better compressive strength and elastic modulus, due to a higher hydroxyl number.
With the microwave-assistant liquefaction time increases, the foams made from the liquefied biomass-based polyols obtained show lower mechanical properties. That is attributed to the lower hydroxyl value at long liquefaction time. The compressive strength and apparent modulus increase at isocyanate index from 80 to 100, then decrease at isocyanate index from 100 to 120, except the liquefaction a) The permanent deformations of the foams after compression tests (20% strain).
time of 30 min. These results are attributed to the lower density of the foam at isocyanate index 120, and the foam cells are bigger than those of the foam at isocyanate index 80 and 120. From Table 3 , the foams made from the liquefied biomass-based polyols at 5 min of liquefaction time show the best mechanical properties at isocyanate index 120.
CONCLUSION
Comparing to the conventional bath heating, the rapid liquefaction within 2 min of wood in the presence of PEG 400/glycerin by using microwave as the heating source was acheived. The liquefaction conditions, such as liquefaction time, temperature, solvent/wood weight ratio, moisture content of wood, and sulfuric acid catalyst concentration influenced the liquefaction and characteristics of the liquefied biomass-based polyols. It was found that acceptable polyols for preparation of rigid polyurethane foams could be obtained by the microwave-assistant rapid liquefaction of wood. The liquefied biomass-based polyols are uniform black liquid with no wood solid residue, 1.13 g/cm3 of the specific gravity, the apparent viscosity in the range of 1420 to 1720 cP and the hydroxyl value in range of 290 to 360 mg KOH/g. The biomass-based polyols are suitable for preparation of rigid polyurethane foams. The foams made from the biomass-based polyols obtained at 5 min of liquefaction time show the best mechanical properties at isocyanate index 120.
